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Q(r) indexAbstract The phytoplankton functional group concept (Q(r) index) was used to assess ecological
status in the River Nile. Phytoplankton Functional Groups (FGs) and Morpho-Based
Functional Groups (MBFGs) were described in the whole river including the main pollution
sources. A total of 273 species were classiﬁed into 25 FGs and seven MBFGs. The most dominant
FGs recorded (D, P, B, M, F, P, J and F) preferred nutrient rich conditions, whereas the appearance
of lacustrine groups (W1, T, Y, Lo) reﬂected an increase of water residence time. Between MBFG
groups, VI was the most dominant. The Canonical Corresponding Analysis indicated that the vari-
ance explained from environmental conditions is highest for MBFG (78.56%) than for FG
(65.57%) and individual species (51.36%). Minimum Q(r) index values were synchronized to spring
and the southern section of the river. The least Q(r) values were observed at the discharging point of
pollutants and increase toward the highly diluted point. The highest Q(r) values were mainly
observed at the upstream and main channel sites. The results suggested that the morpho-
functional classiﬁcation of phytoplankton and Q(r) not only reﬂects successfully River Nile water
quality better than the individual species composition, but can also be used as a monitoring tool
to assess the ecological status in the River Nile.
ª 2015 National Institute of Oceanography and Fisheries. Hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
Although the water quality monitoring of streams is usually
based on the composition of the macroinvertebrate and ben-
thic diatoms, the investigation of the riverine phytoplankton
for monitoring purposes is unavoidable (Borics et al., 2007).
Indeed, low attentions have been paid to study the biological
features of the River Nile as bioindicators and biomonitoringtools to assess the ecological status of the river. Fishar and
Williams (2008) developed a biotic index to assess the river’s
ecological status (Nile Biotic Pollution Index; NBPI) that
depended on macroinvertebrates. They concluded that NBPI
has been shown to provide an excellent biological assessment
of organic pollution in the Nile, but it was less useful for chem-
ical monitoring of water quality. Belal (2012) evaluated the
River Nile ecological status using epipelon diatoms. She
applied four diatom indices and postulated that the diatom
indices developed in Europe and elsewhere are less useful to
assess water quality in the River Nile.
248 M.S.A. El-KarimElaboration of a phytoplankton-based quality assessment
method needs the evaluation of phytoplankton associations
in rivers. An alternative approach to the phylogenic groups
is the use of explicit functional classiﬁcations ‘association’ that
were proposed by Reynolds (1980). He separated 14 species
associations in a series of phytoplankton data from a group
of lakes in Northwest England. These associations comprised
‘aggregates or groups’ of organisms that exist in the water at
the same time and increased or decreased simultaneously.
The associations themselves are based on the physiological,
morphological and ecological attributes of the species that
potentially and alternatively may dominate or co-dominate
the system. Later, the scheme has been expanded to accommo-
date associations from a wider number of lakes (Padisak and
Reynolds, 1998). This functional classiﬁcation was reﬁned
and three functional traits were developed; one describes phy-
toplankton association in deep water lakes (Salmaso and
Padisak, 2007), and two functional traits for the turbid shallow
water. The ﬁrst (Functional Groups, FGs), which was reﬁned
by Reynolds et al. (2002), Borics et al. (2007) and Padisak et al.
(2009), while the second (Morpho-Based Functional Groups,
MBFGs) was proposed by Kruk et al. (2010). Functional
Groups (FGs) classiﬁcation comprised a large number of func-
tional groups which were labeled with capital letters, A, B, C,
D, P, M. . ., a combination of more than one letter (MP, Lo,
NA, . . .) or letters and numbers (X1, X2, S1, S2, . . .). The
Morpho-Based Functional Groups (MBFGs) comprised seven
groups which were labeled with the Latin numbers; I, II, III,
IV, V, VI and VII. These letters and numbers are also called
coda and refer to associations or groups.
In the past decade, studies on phytoplankton dynamics
have proved that the morpho-functional grouping of species
may be useful for ecological purposes (Dokulil et al., 2007;
Padisak et al., 2009). The functional-groups approach (sensu
Reynolds et al., 2002) is one of the most widely accepted forms
of grouping phytoplankton species (Padisak et al., 2009). The
original idea of the phytoplankton functional group concept
(Reynolds et al., 2002) was proposed as a new water quality
estimation method for lake phytoplankton (Q index––
Padisak et al., 2006), then for river potamoplankton (Q(r)
index––Borics et al., 2007). The Q(r) index is enabled to reﬂect
human impacts at different scales by using speciﬁc F factor val-
ues for the different functional groups. These factor values
were calculated using the following components: (i) nutrient
status (from values 0-hypertrophic to 5-oligotrophic), (ii) tur-
bulence (from values 0-standing waters to 5-highly lotic envi-
ronment), (iii) sufﬁcient time for the development of the
given assemblage (from values 0-climax to 5-pioneer assem-
blages) and (iv) level of risk of functional traits (from values
0-high risk indicating pollution or being able to being toxic
to 5-low risk). The speciﬁed values of each component were
summed, and then the F was calculated for each functional






pi= ni/N, ni is the biomass of the i group, while N is the
total biomass.
F is the factor number allowing the quality index to range
between 0 (the worst) and 5 (the best).Objectives
The present study aims at, (1) comparing the individual species
classiﬁcation with two new phytoplankton functional classiﬁ-
cations, (2) which classiﬁcation of these systems can express
more the phytoplankton distribution in the River Nile using
different statistical analysis?, (3) which are the dominant func-
tional groups along the River Nile?, (4) how do the point
source efﬂuents affect the functional groups?, (5) can Q(r) index
be considered as a new ecological status estimation method for
the River Nile?
Study area
The present study covered the Nile section from Aswan Old
Dam N 235802000 E 325204200 till its bifurcation at El-
Kanater Barrage at N 301002500 and E 31802000, for a distance
of about 920 km. A total of 36 sites were seasonally sampled at
11 stations (Fig. 1) to represent the different ecological areas of
the River Nile including ﬁve discharging points of the main
pollution sources (Kema; St. 1, Kom Ombo; St. 2, Qus; St.
4, El-Minya; St. 7, and El-Hawamdia; St. 9). At the ﬁve sta-
tions that receive efﬂuents of the pollution sources, the samples
were collected at different sites as follows:
Upstream site: Tens of meters upstream to the discharging
points of pollution.
D site: At the discharging points of pollution.
D1 site: Where discharging efﬂuents are partially diluted
with river water.
D2 site: Where discharging efﬂuents become highly diluted
and nearly disappeared.
At the stations that do not receive pollution efﬂuents, one
littoral site and the main channel were sampled. The river
was classiﬁed into three sections, the southern section com-
prised stations from 1 to 4, and the middle section comprised
stations from 5 to 7, whereas the northern section comprised
stations from 8 to 11.
Materials and methods
Subsurface water samples were collected seasonally during
2012 and stored in 250-mL plastic bottles, preserved with
4% formalin. Utermo¨hl’s technique (Utermo¨hl, 1958) was
used for plankton sedimentation. Species identiﬁcation and
counting were performed in an inverted light microscope
(Zeiss, Axiovert 25C) at 10· eyepiece and 400· objectives.
Algal biovolume was estimated using formula for geometric
shapes (Hillebrand et al., 1999). Phytoplankton taxa were clas-
siﬁed into Functional Groups (FGs) according to Reynolds
et al. (2002), Borics et al. (2007) and Padisak et al. (2009);
and into Morpho-Based Functional Groups (MBFGs) apply-
ing Kruk et al. (2010). The ecological status was estimated
using F factor values proposed by Borics et al. (2007).
Conductivity and pH were determined in the ﬁeld by means
of appropriate probes. Samples for water chemistry were taken
simultaneously with phytoplankton samples, stored in special
bottles and analyzed in the laboratory. Data of oxygen
(DO), biological oxygen demand (BOD), bicarbonate alkalin-
ity, nitrate (N–NO3), nitrite (N–NO2), ammonium (N–NH4)
soluble reactive phosphorus (SRP), total phosphorus (TP)
Figure 1 Map showing the 11 sampling stations in the River Nile.
Comparison of phytoplankton functional approaches 249and silicate were available from the report of NIOF, FLD
(2012).
Statistical analysis
Statistical analysis, ANOVA, Spearman correlation and regres-
sion analyses were carried out using the SPSS 20.0 package.
Variance analysis (one-way ANOVA) was employed for com-
paring means.Q(r) index, as a dependent variable, was regressed
against the different environmental variables, independent vari-
ables, using multiple linear regressions. Canonical correspon-
dence analyses (CCA) were used to make a comparison of the
three classiﬁcations (FGS, MBFGs and individual species).
Three canonical correspondence analyses were applied to esti-
mate how much variance of the biovolume of the species and
the groups in the two classiﬁcations was explained by the envi-
ronmental variables. CCA analyses were performed using
CANOCO version 4.5 (Leps and Smilauer, 2003). The environ-
mental variables were submitted to a stepwise forward selection
procedure in which the statistical signiﬁcance of each variable
was tested by the Monte Carlo permutation test (499 permuta-
tions) at a cut-off point of P= 0.05.Results
Phytoplankton biovolume
Ninety-nine algal genera from seven major taxonomic classes
were identiﬁed. The mean biovolume was least (1.2 mm3 L1)
in the southern section (stations 1–4) of the River Nile. The
central (stations 4–7) and northern (stations 8–11) sectionshad comparable mean biovolumes (4.8 and 4.6 mm3 L1,
respectively). The phytoplankton mean biovolume was highest
throughout the year at the northern section of the river, except
during autumn when the phytoplankton mean biovolume out-
burst occurred at the central section (Fig. 2). Furthermore, the
phytoplankton biomass in the northern section was highest
during winter, whereas it was highest in the south and central
sections during autumn. At the polluted stations, the phyto-
plankton biovolume showed changeable behavior. In the
south, at stations 1 and 2, the phytoplankton mean biovolume
was highest at sites D and D1, respectively; whereas at station
4, phytoplankton biovolume had mean comparable values at
upstream and D sites (3.7 and 3.7 mm3 L1, respectively). At
station 7, phytoplankton biovolume was highest at upstream
site (4.6 mm3 L1) but lower at D and D1 sites (3.3 and
3.7 mm3 L1, respectively). At station 9, phytoplankton bio-
volume had an outburst at the D site (23.3 mm3 L1), but
had least value at the upstream site (3.1 mm3 L1).
Phytoplankton FGs and MBFGs distribution
Most of the samples involved in this study were mainly dom-
inated by species belonging to diatoms, chlorococcalean green
algae and Cyanobacteria. The total species number was 273
which was classiﬁed into 25 FGs and seven MBFGs with 48
and 55 descriptor taxa, respectively. The most dominant FGs
were D (40.4%), P (20.2%), B (10.4%), M (7.2%) and F
(5.1%). The most species rich functional groups were J (45
spp.), F (41 spp.), TC (29 spp.), D (27 spp.) and MP (20
spp.). Marked seasonal variations in representation of each
of the 10 main FGs of phytoplankton were observed
(Fig. 3). The D, B, P, F and K FGs were the main contributors
Figure 2 Distribution of total phytoplankton biovolume in the River Nile in 2012.
250 M.S.A. El-Karimto the biomass in the Nile River during autumn and winter. On
the other side, D, P, MP, F, M, J and C were the most abun-
dant during summer, whereas D, K, F, M, J and C were the
most representative of phytoplankton biomass during spring.
In the middle and north, there was clear dominance of the
three main groups (D, P and B), while at the south there was
shared dominancy between the main 10 FGs. The main FGs
showed remarkable variations at the polluted sites, and mar-
ginally showed seasonal and spatial variations.
In an overview, the FGs B (mainly represented by
Cyclotella spp.), D (mainly represented by Synedra acus and
Synedra delicatissima throughout the river and with Nitzschia
subtilis in the central and northern parts), K (mainly repre-
sented by Chroococcus limneticus and C. disperses in the south
and Chamaesiphon polymorphus in the north), M (mainly rep-
resented by Microcystis ﬂos-aquae), P (mainly represented by
Aulacoseira granulata, especially in the central and northern
parts), F (mainly represented by Kirchneriella spp, specially
K. lunaris during spring in the south and Dictyosphaerium pul-
chellum in the central and northern parts year-round) and J
(mainly represented by Scenedesmus ecornis and Tetraedron
minimum) contributed most to the total biomass.
MBFG data revealed that VI was the leading group with a
maximum mean percentage of 87.6% during autumn and a
minimum of 78.3% during spring (Fig. 4). Group VI was high-
est in the middle of the river during autumn and winter,
whereas it was highest in the north during spring and summer.
At the polluted stations 1, 2 and 9, MBFGs were the highest at
D and D1 sites year round, whereas they were highest at
upstream and Main Channel sites at stations 4 and 7.
MBFGs varied between minimum biomass values in the south-
ern section throughout the year and had maximum biomass in
the north of the river except during autumn when they had a
maximum in the central section.
Canonical correspondence analysis
Canonical correspondence analysis (CCA) was performed to
reveal the relationships between environmental variablesand new phytoplankton classiﬁcations (MBFGs and FGs)
and between environmental variables and the dominant spe-
cies (16 species with biomass P0.5 of the total biomass,
Table 1). The CCAs (Fig. 5) indicated that the variance that
can be explained from environmental conditions is highest for
MBFG (78.6%) than for FG (65.6%) and individual species
(51.36%). Not surprisingly, the total variation in the data set
(total inertia) decreased from individual species classiﬁcation
(4.0) via FG (1.8) to MBFG (1.4). For the FG, the forward
selection of environmental variables selected three signiﬁcant
variables, TP (P< 0.02), pH (P< 0.05) and NH4
(P< 0.03), which together accounted for 46.3% of the total
variance. For the MBFG, the forward selection of environ-
mental variables selected three signiﬁcant variables, TP
(P< 0.02), DO (P< 0.03) and NH4 (P< 0.05), which
together accounted for 53.7% of the total variance. For the
main species, the forward selection of environmental vari-
ables selected two signiﬁcant variables, TP and NH4
(P< 0.05), which together accounted for 23.8% of the total
variance.
Distribution of Q(r) index
The mean Q(r) value was 3.3; the low Q(r) values characterized
spring with the least mean value of 2.7, whereas the highest
value (3.62) was recorded during autumn (Fig. 6). Spatially,
the mean Q(r) was least (3.0) in the southern section of the
River Nile. The central and northern sections of the River
Nile had the same mean values (3.6). The Q(r) was least
throughout the year in the south, whereas it was highest in
the north during spring and summer and during winter and
autumn in the central section. At the polluted stations, the
least Q(r) values were mainly observed at the D site (discharg-
ing point of polluted efﬂuents) and increase toward D2
(toward the restoration points, with increase of dilution).
The highest Q(r) values were mainly observed at the upstream
and main channel points, except in a few cases it was found at
the D2 site. The Spearman correlation matrix showed that the
Q(r) was negatively correlated with PO4 (0.4), NH4 (0.39),
Figure 3 Relative biovolume (%) of phytoplankton functional groups, FGs (sensu Reynolds et al., 2002; Padisak et al., 2009) from a
winter to d autumn in the River Nile in 2012.
Comparison of phytoplankton functional approaches 251NO3 (0.34) and TP (0.27), whereas it was positively corre-
lated with DO (0.35) and BOD (0.23). The multiple linear
regressions of Q(r) and different environmental variables
showed an R2 of 0.44.Discussion
The phytoplankton functional-groups approach has been
widely used and has proved to be a useful tool for monitoring
Figure 4 Relative biovolume (%) of phytoplankton Morpho-Based Functional Groups, MBFGs (sensu Kruk et al., 2010) from a winter
to d autumn in the River Nile in 2012.
252 M.S.A. El-Karimpurposes. Moreover, its relationship to the habitat template
has been tested and proved since the original work of
Reynolds et al. (2002), which gave the habitat description aswell as the tolerances and sensitivities for each codon
(Crossetti et al., 2013). Most of the samples, as well as the
whole river, are dominated by only a few FGs. In Fig. 3, the
Table 1 Main phytoplankton species and their codes used in CCA analysis.
Species name Species code Species name Species code
Aulacoseira granulate (Ehren.) Simon. A. gr. Synedra acus Kutz. S. acus.
A. g. var angustissima (Mull.) Simon. A. gr. ang. S. delicatissima Smith. S. del.
Cyclotella kutzingiana Chaum. C. kut. S. sp. S. sp.
C. meneghiniana Kutz. C. men. S. ulna (Nit.) Ehren. S. ulna
C. ocellata Pant. C. ocel. Chamaesiphon polymorphus Geit. Cham. Poly.
C. operculata (Agard.) Kutz. C. op. Microcystis ﬂos-aquae (Witt.) Kirch. M. ﬂus.
C. sociales Schutt C. soc. Micractinium pusillum Fres. M. pus.
Nitzschia subtilis Grun. Nit Rhadiococcus nimbatus (Wild) Schm. R. nim.
Comparison of phytoplankton functional approaches 253dominance of groups D, P, B, M and F is reﬂected, where
other types of dominances (MP, K and J) occur occasionally.
Marked seasonal variations in representation of each of the 10
main FGs of phytoplankton were observed, especially at the
central and northern sites of the rivers. The synchronization
between the morphological responses to environmental varia-
tions has been well demonstrated in the case of the River
Nile, revealing the spatial heterogeneity in the river. The most
important phytoplankton assemblages found in the River Nile
are related to the mixed and eutrophic inorganic nutrient rich
environments. The main groups, D, B, P, F, K, M, J, C and
MP, recorded in the river stretches are sensitive to stratiﬁca-
tion and well-adapted to mixed and eutrophic/hypertrophic
environment as reported by Reynolds et al. (2002) and
Padisak et al. (2009). In the present study, the proportion of
F, K, M, MP and J increased in the southern section of the
river Nile under higher concentrations of inorganic nitrogen
and TP. Functional group MP occurred mostly at the north
sampling station under higher concentrations of SRP. This
group was characterized as occurring in frequently stirred
up, inorganically turbid shallow lakes (Padisak et al., 2009),
and was ﬁrstly described for periphytic diatoms that occasion-
ally occur in lake plankton due to wind suspension (Padisak
et al., 2006).
In the central and northern sections there was a clear dom-
inance of centric diatoms represented by Cyclotella spp.
(groups B), A. granulata (groups P) and pinnate diatom
Synedra spp. (groups D). On the other side, the southern sec-
tion was characterized by shared dominance of different phy-
toplankton main groups. Centric diatoms, in middle and
lower river sections are the most common potamoplanktonFigure 5 Ordination diagram of the canonical correspondence analys
species of annual main biomass of P0.5 in the River Nile.taxa in rivers where their size might matter regarding both
nutrient and physical conditions (Salmaso and Zignin, 2010;
Abonyi et al., 2014). In long rivers, longitudinal succession
of phytoplankton is enforced by human modiﬁcations on the
river bed (Reynolds, 2000). Based on residence time, nutrient
availability and light conditions, the maximum phytoplankton
production occurs at middle sections of rivers (Reynolds and
Descy, 1996) where phytoplankton is mainly dominated by
centric diatoms (Istvanovics et al., 2010). Downstream sections
of different rivers are dominated by centric diatoms (Reynolds,
2006; Tavernini et al., 2011).
One of the most apparent human effects reﬂected by group
distribution in the River Nile is the inﬂuence of the eutrophi-
cation process that resulted from billions of cubic meters dis-
charged annually. In addition to eutrophication, the water
current is regulated by four barrages constructed at Essna,
Naga Hammady, Assiut and El-Kanater. Regulated water cur-
rent modiﬁes the ﬂowing regime, water residence time, nutrient
distributions and light conditions (Hart et al., 2002; Abonyi
et al., 2012), and therefore the seasonal succession of phyto-
plankton and species distribution. These can be identiﬁed on
the River Nile by the eutrophic, groups (P, J and F) resulting
in lake type equilibrium assemblages (Naselli-Flores et al.,
2003) in this area. The human controlled outlets of dams,
Aswan High Dam and Old Aswan Dam, are reﬂected in the
occurrence of lacustrine (i.e. species behave as ones that inha-
bit shallow lakes) elements downstream groups as W1, T, Y,
L0 recorded throughout the River Nile. Despite the presence
of the planktonic elements, they cannot maintain persistent
dominance downstream, as they are not adapted to survive

























Figure 6 Seasonal and regional distributions of the Q(r) index along the River Nile in 2012.
254 M.S.A. El-Karimto enrich river phytoplankton with species in additional habi-
tats. This agrees with the results from the River Narva
(Estonia), sampled after the Narva Reservoir (Piirsoo et al.,
2010).
Results of the canonical corresponding analysis revealed
that phytoplankton community composition may be predicted
best in terms of morphological groups than by traditional phy-
toplankton species composition. Not surprisingly that a closer
relationship between phytoplankton functional approach and
environmental conditions in the River Nile was higher between
phytoplankton species classiﬁcation and environmental condi-
tions. The variance explained from environmental conditions
is highest for MBFG (78.6%) than for FG (65.6%) and indi-
vidual species (51.4%). Moreover, the total variation in the
data set (total inertia) decreased from individual species classi-
ﬁcation (4.0) via FG (1.8) to MBFG (1.4). The explained vari-
ance for traditional phytoplankton species composition is
lower than MBFG and FGs. Kruk et al. (2011) studied the
relationship between new concept morphological classiﬁca-
tions, traditional species classiﬁcation and phylogenetic classi-
ﬁcation with ambient environmental variables. Their results
indicated that morphological groups show a closer relationship
to environmental conditions than phylogenetic groups and tra-
ditional species classiﬁcation, which suggested that morphol-
ogy, is a better proxy for ecological functioning than
phylogeny and traditional species classiﬁcation. Put simply,
their results indicated that the two species that are morpholog-
ically similar but are phylogenetically unrelated and appear
more functionally similar than two species that are phylogenet-
ically related but morphologically different. Morphologically
similar phytoplankton appears functionally closely related to
ecological aspects (Naselli-Flores et al., 2007). By contrast,
phylogenetic can lead to closely related taxa to differ widely
in ecological features (Lurling, 2003).
Due to the speciﬁc properties of lowland rivers, such as low
hydraulic gradients, high potential for water retention
(Schmalz et al., 2008) and relatively larger population within
the watershed, reference sites were normally impossible to ﬁnd,which was apparently different from the mountain streams
(Wu et al., 2012). The low Q(r) index in the south emphasized
lack of benthic diatoms dominance which is considered as nat-
ural in upstream sections of rivers, groups MP, TD and many
members of codon D. The upstream decreasing Q(r) values
reﬂected the increasing amount of groups B, M, F and J, indi-
cating a switch in the primary energy source, as predicted by
other studies (Borics et al., 2007; Abonyi et al., 2012). An
increasing upstream light availability was reﬂected by the
increasing dominance of these groups, which may inﬂuence
the longitudinal switch between centric diatoms and green
algae as well (Abonyi et al., 2012). Besides the biovolume dom-
inance of these groups at the south of the River Nile, the
decreasing of groups D and P also indicates an elevation of
the trophic level and decrease of Q(r) levels. The increase of
nitrate, ammonium and total phosphorus in the south of the
River Nile, many times higher than corresponding values in
the middle and north due to the discharging efﬂuents of
Kema and Kom Ombo Drians, also enforced the least Q(r) val-
ues in the south. Q(r) showed a negative coefﬁcient of determi-
nation (R2) with the aforementioned parameters which had
higher values in the southern section of the river; similar to
the results reported in Loire River (France) by Abonyi et al.
(2012).
In conclusion, the phytoplankton morphological classiﬁca-
tion including both FGs and MBFGs reﬂect River Nile water
quality better than the individual phytoplankton species com-
position. The most dominant FGs recorded in the River Nile
(D, P, B, M, F, P, J and F) were known as groups that pre-
ferred nutrient rich conditions which reﬂected the inﬂuence
of the eutrophication process that resulted from billions of
cubic meters discharge annually into the river. At the same
time, the appearance of lacustrine groups (i.e. species behaves
as one that inhabits shallow lakes) W1, T, Y, Lo reﬂects the
increase of water residence time that resulted from the con-
structed barrages at Essna, Naga Hammady, Assiut and El-
Kanater. The environmental conditions can be predicted better
in the River Nile via the MBFGs and FGs more than the
Comparison of phytoplankton functional approaches 255individual species classiﬁcation, where a closer relationship
between phytoplankton functional approach and environmen-
tal conditions in the River Nile was higher than between phy-
toplankton usual individual species classiﬁcation and
environmental conditions. The variance explained from envi-
ronmental conditions is highest for MBFG (78.6%) than for
FG (65.6%) and individual species (51.4%). Finally, Q(r) index
can be used to predict the water quality in the River Nile where
it had a reasonable correlation with the environmental
parameters.
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